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Local structure and dynamics in methylammonium, formamidinium  

























solid-state	NMR	protocol	 for	 the	determination	of	 the	 local	
structure	of	mixed-cation	and	mixed-halide	tin(II)	halide	per-



















spontaneous	 halide	 homogenization	 at	 room	 temperature	

















a	mixture	of	monovalent	 and	 trivalent	metals	 (e.g.	Ag+	 and	
In3+)	and	X	is	a	halide:	I−,	Br−	or	Cl−.	Lead	halide	perovskites	
exhibit	 considerably	higher	 ambient	 stability	 and	optoelec-





dation	 and	 disproportionation	 which	 lead	 to	 self−doping,	
very	short	charge	carrier	lifetimes	and	in	turn	to	poor	power	











cantly	 improved	 thin	 film	crystallinity	and	carrier	diffusion	
lengths,	24–27	and	considerable	improvements	have	also	been	




Another	 strategy	 to	 stabilize	 tin(II)−based	materials	 is	 the	
use	of	mixed−metal	tin(II)−lead(II)	halide	perovskites	which	
combine	 the	 advantageous	 optoelectronic	 properties	 of	
lead−based	materials	while	providing	band	gaps	of	1.2−1.3	
eV	which	are	 close	 to	 the	optimum	required	 for	 all−perov-
skite	tandem	solar	cells.30–34		
The	 resulting	 materials	 are	 typically	 probed	 using	 diffrac-





multi-component	 tin(II)	 halide	 perovskites.	 Rapid	degrada-
tion	 of	 tin(II)	 halide	 perovskites	 has	 been	 consistently	 ob-
served	 in	 device	 studies,35–37	 and	 degradation	mechanisms	
have	been	investigated	using	XRD,	TGA	and	UV−Vis	spectros-










sivation	mechanisms,50–52	 cation	 and	 anion	dynamics39,53–59	
and	degradation	processes60.	The	local	structure	of	tin	halide	
perovskites	 has	 been	 previously	 investigated	 in	 CsSnBr3,61	
MASnI362	and	FASnI362	using	pair	distribution	function	(PDF)	
analysis.	 Given	 the	 prevalence	 of	 tin	 NMR	 studies	 of	 other	




skites	 to	 date	 is	 a	 1H	MAS	 NMR	 study	 of	 cation	mixing	 in	





Tin	 has	 three	 NMR−active	 isotopes:	 115Sn,	 117Sn	 and	 119Sn	
with	natural	abundance	of	0.3%,	7.7%	and	8.6%,	respectively.	
All	three	isotopes	have	spin	I	=	½	and	similar	gyromagnetic	
ratios	which	 renders	 119Sn	 the	most	 receptive	of	 the	 three,	
with	a	receptivity	ca.	27	times	that	of	13C.	Solid-state	tin	NMR	
has	been	widely	employed	to	study	organotin	compounds,64	
crystalline	 oxides	 and	 stannates,65,66	 porous	 networks,67–69	
sulphides70,71,	 nitrides,72	 and	 all−inorganic	 semiconduc-
tors73–75	 Tin	NMR	 is	particularly	 sensitive	 to	 the	difference	
between	the	+276,77	and	+478	oxidation	state	with	the	corre-
sponding	chemical	shifts	differences	on	the	order	of	several	





Here,	we	 probe	 the	 atomic−level	microstructure	 of	 single−	
and	mixed−halide	(I,	Br,	Cl)	tin(II)	halide	perovskites,	single	
and	mixed	 A−site	 cation	 (Cs,	 MA,	 FA)	 tin(II)	 halide	 perov-


























nium	 iodide	 (Sigma,	 98%),	 formamidinium	 iodide	 (Sigma,	
98%),	 formamidinium	 bromide	 (Sigma,	 98%),	 forma-
midinium	chloride	(Sigma,	97%),	CsI	(Fischer,	99.9%),	CsBr	
(Fischer,	 99.9%),	 CsCl	 (Acros,	 99.99%),	 SnI2	 (Sigma,	
99.999%),	 SnBr2	 (Sigma),	 SnCl2	 (Sigma,	 98%),	 SnI4	 (Sigma,	
99.999%),	SnBr4	(Sigma,	99%).	
Perovskite	 mechanosynthesis.	 The	 materials	 were	 pre-
pared	 using	 mechanosynthesis80,81	 following	 recently	 pub-
lished	protocols.82–84	The	precursors	were	stored	under	ar-
gon.	The	halostannates	were	synthesized	by	grinding	the	re-













strength.	 About	 200-250	 mg	 of	 sample	 was	 used	 for	 each	
measurement,	corresponding	to	a	full	4	mm	rotor.	The	recycle	
delays	 were	 set	 based	 on	 the	 measured	 T1	 values,	 as	 de-
scribed	in	the	text.	Low−temperature	1H−13C	(125.8	MHz)	CP	
MAS	 	 and	 room	 temperature	 14N	 (36.2	 MHz)	 experiments	
were	 recorder	on	a	Bruker	Avance	 III	 11.7	T	 spectrometer	
equipped	with	a	3.2	mm	low−temperature	CPMAS	probe	us-
ing	 previously	 optimized	 parameters.39	 High−temperature	
119Sn	MAS	NMR	spectra	were	recorded	on	a	Bruker	Avance	III	




obtained	 on	 a	 Bruker	 Avance	 III	 HD	 17.6	 T	 spectrometer	
(279.7	MHz)	 using	 a	MAS	 LASER	 probe	 (Bruker)	with	 air-
tight	boron	nitride	crucibles	contained	in	7	mm	zirconia	ro-
tors	spinning	at	6	kHz.	Temperature	was	adjusted	using	diode	




ovskite	sample,	a	 thin	 layer	of	PTFE	tape	was	placed	 in	be-
tween	the	two	powders.	Hahn-echoes	of	40	μs	total	duration	
were	used	to	mitigate	ringing	effects.	CSA	parameters	were	
fitted	 using	 TopSpin	 3.5.	 Further	 experimental	 details	 are	
given	in	the	SI.	
Results and discussion 
Local structure of mixed−anion tin halostannates 
Figure	 2	 shows	 119Sn	 solid−state	MAS	NMR	 spectra	 of	me-
thylammonium	 mixed−halide	 chloro−	 and	 bromostan-
nates(II),	 bromostannate(IV)	 as	 well	 as	 their	 tin(II)	 and	
tin(IV)	halide	precursors	recorded	at	room	temperature.	The	
119Sn	chemical	 shift	 is	highly	sensitive	 to	 the	 local	environ-
ment	of	the	tin	site	and	makes	it	possible	to	distinguish	tin(II)	
precursors	–	SnCl2	(−916	ppm,	fig.	2a)	and	SnBr2	(−640	ppm,	
fig.	 2b)	 –	 from	 the	 corresponding	 perovskites	 –	 MASnCl3	
(−398	 ppm,	 fig.	 2c)	 and	 MASnBr3	 (−316	 ppm	 (fig.	 2g)).	
MASnCl3	 exhibits	 successive	 phase	 transitions	 at	 283,	 307,	
331	and	463	K.88	 The	 structure	adopted	by	MASnCl3	under	




frequency	 (fig.	 2c).	 The	 fitted	 CSA	 parameters	 (δCSA=−435	












CSA	 becomes	 smaller	 (δCSA=−364	 ppm,	 η=0.1	 for	




ute	 these	 line	width	variations	 to	 the	 interference	between	
CSA	and	fast	halide	hopping	as	discussed	further	in	the	text	
below	(see	also	Supplementary	Note	1).	Note	that	this	spec-
















In	 turn,	 we	 investigate	 iodide−containing	 halostannate(II)	
and	(IV)	species.	SnI2	(−527	ppm	fig.	3a)	exhibits	a	partially	
resolved	119Sn−127I	scalar	coupling,	1JSn−I	=	6.2	kHz,	similar	in	
























radii	of	 I−	 (2.2	Å)	and	Cl−	 (1.8	Å)	which	 cause	 the	MASnCl3	






(iodide/chloride	 and	 iodide/bromide)	 halostannates	 and	
their	precursors	at	4.7	T,	12	kHz	MAS	and	298	K:	(a)	SnI2,	(b)	
MASnI3,	 (c)	MASnCl2.7I0.3,	 the	 signals	 at	 249	and	−395	ppm	
were	detected	with	a	recycle	delay	of	50	ms	and	50	s,	respec-
tively	(d)	MASnBr0.9I2.1,	(e)	MASnBr1.5I1.5,	(f)	MASnBr2.1I0.9,	(g)	






crystal	 structure	 of	MASnI3	 (fig.	 3b),	 the	 spectrum	 initially	
broadens	and	shifts	to	higher	frequencies	(to	higher	ppm	val-
ues)	 (MASnBr0.9I2.1,	 fig.	3d),	and	 then	narrows	and	shifts	 to	
lower	frequencies	as	the	Br/I	ratio	increases	further	(above	
Br/I	 =	 1.5:1.5,	 fig.	 3e−f).	 Similar	 spectral	 trends	 have	 been	
previously	reported	in	119Sn	MAS	NMR	spectra	of	other	disor-
dered	solids,	such	as	stannate	pyrochlores91	and	in	207Pb	MAS	
NMR	 spectra	 of	 mixed−cation	 lead	 halide	 perovskites47,48.	
Here,	however,	we	ascribe	the	strong	line	width	variation	to	










on	 the	 high	 electronegativity	 of	 iodine	 one	 might	 expect	
strong	deshielding	(shift	at	high	positive	ppm	values),	the	ex-
act	opposite	is	observed	experimentally.	This	is	due	to	the	ef-





Local structure of FA, Cs and mixed A−site cation tin 
halostannates 






NMR	 spectra	 of	 single−	 and	 mixed−cation	 cesium,	 me-
thylammonium	and	formamidinium	tin(II)	halides	(I,	Br,	Cl).	








other	 contribution	 to	 the	 line	 shape.	 We	 believe	 that	 it	 is	
caused	 by	 the	 well-documented	 effect	 that	 a	 fast-relaxing	
quadrupolar	nucleus	has	on	the	line	shape	of	a	spin-1/2	nu-
cleus	which	 is	coupled	 to	 it.97	We	were	able	 to	numerically	





















rides:	 (h)	 MASnCl3,	 (i)	 MA0.5FA0.5SnCl3,	 (j)	 FASnCl3,	 (k)	
CsSnCl3	(monoclinic),	†	indicates	the	metastable	cubic	phase	
of	CsPbI3,	#	 is	 likely	a	second	tin(II)	site	 in	 the	asymmetric	





MASnBr3	 (−316	 ppm),	 FASnBr3	 (−165	 ppm).	 This	makes	 it	
possible	to	probe	A-site	cation	mixing	using	119Sn	NMR	in	the	
bromide	systems.	For	example,	MA0.5FA0.5SnBr3	(−244	ppm)	













cation	 and	 an	 additional	 constraint	 is	 provided	 by	 the	 ob-
served	 (298	 K)	 CSA	 parameters:	 MASnCl3	 (δiso=−398	 ppm,	
δCSA=−435	 ppm,	 η=0.26),	 FASnCl3	 (δiso=−347	 ppm,	
δCSA=−−508	 ppm,	 η=0.06),	 CsSnCl3	 (δiso=−296	 ppm,	
δCSA=−568	ppm,	η=0.14).	The	spectrum	of	FASnCl3	contains	a	
second	 peak	 at	 δiso=−479	 ppm	 (δCSA=−401	 ppm,	 η=0.08)	
which	 likely	 corresponds	 to	 a	 second	 tin(II)	 site	 inside	 the	
asymmetric	unit	cell,	analogous	to	the	situation	observed	in	
the	low−symmetry	phase	of	MASnCl3.88	A-site	cation	mixing	
leads	 to	 disorder	 which	 is	 exemplified	 by	 the	 spectrum	 of	
MA0.5FA0.5SnCl3:	 the	 resonances	 broaden	 considerably	 and	
the	 two	broad	 components	 (FA:	δiso=−343,	δCSA=−510	ppm,	
η=0.01	and	MA:	δiso=−379	ppm,	δCSA=−353	ppm,	η=0.12)	take	
on	 values	 intermediate	 with	 respect	 to	 the	 single-cation	
phases.	CsSnCl3	 can	be	 trapped	 in	 its	high−symmetry	cubic	
phase	(δiso=−561	ppm,	δCSA≈0	ppm)	at	room	temperature	 if	
the	sample	is	briefly	heated	to	380	K	(fig.	4l).	This	phase	is	





inorganic	 cation	 such	 as	 cesium.	 Figure	4m	 shows	 that	 the	
119Sn	chemical	shift	of	CsSnCl1.5Br1.5	(−496	ppm)	is	interme-
diate	with	respect	to	the	cubic	phase	of	CsSnCl3	(−561	ppm)	
and	 CsSnBr3	 (−353	 ppm).	 Taken	 together,	 these	 findings	
demonstrate	that	119Sn	MAS	NMR	is	well-suited	for	probing	
the	atomic-level	microstructure	of	mixed-cation	and	mixed-












conditions	 (temperature	 and	 duration)	 were	 chosen	 phe-
nomenologically	depending	on	the	stability	of	different	com-






















5a)	 leads	 to	 a	mixture	 of	MA2SnBr6,	 SnO2,	 SnBr4	 and	 trace	
amounts	of	species	at	−932	ppm,	which	we	tentatively	assign	
to	an	ionic	product	of	the	reaction	between	tin(II)	and	decom-
position	 products	 of	 the	 organic	 cation.	 Interestingly,	 the	




be	 caused	 by	 bromide	 doping100	 or	 amorphization.	We	 ex-
clude	bromide	doping	as	the	reason	for	the	observed	disor-
der,	since	a	SnO2	mechanochemically	doped	with	SnBr2	and	
annealed	 at	 the	 same	 temperature	 as	 the	 degradation	 pro-
cess,	did	not	 lead	to	broadening	of	 the	SnO2	 resonance	(fig.	
5d).	We	therefore	conclude	that	the	SnO2	formed	during	the	











talline	FASnBr3	 still	contains	a	 large	amount	of	 the	non-de-
graded	perovskite	(~45%	of	the	initial	content).	Degradation	
at	250	°C	leads	to	complete	disappearance	of	the	perovskite	







(fig.	 5n−o),	 which	 yield	 FA2SnI6	 (−4818	 ppm)	 and	 Cs2SnI6	





































tivity	 and/or	 quantitativeness.	 The	 physical	 reason	 behind	
such	a	large	spread	of	T1	values	is	the	difference	in	the	domi-
nating	relaxation	mechanism	in	different	groups	of	tin	com-









gen	 or	 chemical	 exchange).	 If	 these	 processes	 are	 not	 fast	
enough	relative	to	the	coupling	strength,	other	mechanisms	
such	as	CSA	or	dipolar	driven	relaxation	may	prove	more	ef-





these	 alternative	 processes.78,93	 Relaxation	 in	 tin	 metal	
















resonances	 fall	within	 a	 similar	 chemical	 shift	 range	which	



























Halide dynamics in MASnBr3 













In	 order	 to	 elucidate	 which	 mechanism	 is	 relevant	 in	













a	quadrupolar	 spin	with	a	very	 large	quadrupolar	 coupling	
constant,	which	is	the	case	for	127I	and	79/81Br.	In	this	mecha-
nism,	the	T1	is	significantly	reduced	when	the	sample	is	spun.	






















very	 large	quadrupole	 coupling	 constant,110	we	employ	 the	
determined	activation	energy	as	a	constraint	to	identify	the	




results	 obtained	 at	 three	 magnetic	 fields	 and	 between	
250−450	K,	we	obtain	an	average	activation	energy	of	(36	±	










sponding	 to	 the	 process	 driving	 quadrupolar	 relaxation	 of	
79/81Br,	i.e.	vibrational	modes	of	the	lattice,	which	are	active	
in	the	far	infrared	to	terahertz	regime	(<0.03	eV).113,114	Since	














the	halide	diffusion	 rate.	We	note,	however,	 that	 the	previ-
ously	calculated	halide	hopping	rates	are	in	the	nanosecond	
range	in	lead	halide	perovskites.119,120	






























MASnBr3	 29.1	 0.30	 ac	conductivity	 111	
MASnBr3	 30	 0.31	 dc	conductivity	 112	




















able−temperature	 119Sn	 solid−state	 MAS	 NMR.	 (a)	 varia-
ble−temperature	 (308−474	 K)	 119Sn	 spectra	 at	 17.6	 T.	 All	







Spontaneous halide mixing 
Thermally	 activated	 halide	 mixing	 has	 been	 previously	
























solid−state	MAS	 NMR	 spectra	 at	 4.7	 T,	 12	 kHz	MAS	 of	 (a)	
MASnBr3,	(b)	MASnCl3,	the	asterisk	indicates	a	spinning	side-
band	 (c)	 1:1	 (mol/mol)	mixture	 of	MASnBr3	 and	MASnCl3,	
lightly	mixed,	recorded	after	24	hours	with	a	recycle	delay	of	
50	ms,	(d)	same	as	(c)	but	using	a	recycle	delay	of	15	s	to	high-








perimental	 parameters	 so	 as	 to	 obtain	 optimal	 results.	We	
have	shown	that	solid−state	119Sn	MAS	NMR	can	be	used	to	
characterize	 the	 local	 structure	of	 tin(II)	mixed−halide	 and	
mixed	A−site	cation	perovskite	and	related	phases	as	well	as	
to	 distinguish	 between	 tin(II)	 and	 tin(IV)	 halostannate	
phases.	This	property	in	particular	can	be	employed	to	study	















from	 previously	 reported	 electrical	 conductivity	 measure-
ments.	Finally,	we	have	shown	that	spontaneous	halide	ho-
mogenization	 occurs	 at	 room	 temperature	 between	micro-
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